Francisella tularensis, the etiologic agent of tularemia in humans, is a potential biological threat due to its low infectious dose and multiple routes of entry. F. tularensis replicates within several cell types, eventually causing cell death by inducing apoptosis. In this study, a modified Himar1 transposon (HimarFT) was used to mutagenize F. tularensis LVS. Approximately 7,000 Km r clones were screened using J774A.1 macrophages for reduction in cytopathogenicity based on retention of the cell monolayer. A total of 441 candidates with significant host cell retention compared to the parent were identified following screening in a high-throughput format. Retesting at a defined multiplicity of infection followed by in vitro growth analyses resulted in identification of approximately 70 candidates representing 26 unique loci involved in macrophage replication and/or cytotoxicity. Mutants carrying insertions in seven hypothetical genes were screened in a mouse model of infection, and all strains tested appeared to be attenuated, which validated the initial in vitro results obtained with cultured macrophages. Complementation and reverse transcription-PCR experiments suggested that the expression of genes adjacent to the HimarFT insertion may be affected depending on the orientation of the constitutive groEL promoter region used to ensure transcription of the selective marker in the transposon. A hypothetical gene, FTL_0706, postulated to be important for lipopolysaccharide biosynthesis, was confirmed to be a gene involved in O-antigen expression in F. tularensis LVS and Schu S4. These and other studies demonstrate that therapeutic targets, vaccine candidates, or virulence-related genes may be discovered utilizing classical genetic approaches in Francisella.
Francisella tularensis is a gram-negative intracellular pathogen and the etiologic agent of human tularemia. The CDC has classified F. tularensis as a category A select agent due to its highly infectious nature and ease of dissemination. Four subspecies of F. tularensis have been recognized, including (i) the virulent type A F. tularensis subsp. tularensis, (ii) the less virulent type B F. tularensis subsp. holarctica, (iii) F. tularensis subsp. mediasiatica, and (iv) F. tularensis subsp. novicida. The F. tularensis LVS (live vaccine strain) is derived from F. tularensis subsp. holarctica and is used as a model system to identify Francisella virulence factors since it is attenuated in humans but virulent in mice (8, 21) . The limited genetic variation (2 to 4%) between the subspecies of Francisella suggests that there is potential overlap among genes related to pathogenesis (7, 54, 59) . In fact, F. tularensis LVS and Schu S4 vary in genomic sequence by less than 1% (59) . Regardless of the high sequence similarity at the genomic level, genome rearrangement and variation at the functional or regulatory level among the subspecies clearly result in phenotypes that impact virulence and pathogenesis (12, 15, 29, 54, 73, 74) .
The life cycle of F. tularensis inside the macrophage begins with surface receptor binding and entry into a vacuole involving pseudopod loops, subsequent escape into the cytoplasm, where replication occurs, and release from the macrophage through apoptosis (for reviews, see references 44, 51, and 65) . A role for autophagy after cytoplasmic replication has been described recently (11) . Francisella can replicate intracellularly in macrophages, hepatocytes, endothelial cells, epithelial cells, fibroblasts, chicken embryos, and amoebae (for reviews, see references 19, 51, and 71) . The fact that Francisella can thrive in such diverse environments suggests that a variety of virulence genes are required to facilitate its survival.
An initial barrier to using gene modification approaches to identify potential virulence factors in Francisella was the lack of genetic tools. Recent advances, however, have overcome this limitation with the development of shuttle plasmids (6, 40, 41, 57) , transposons (23, 33, 42) , and allelic replacement strategies (27, 36) . The genes predicted to foster intracellular growth and virulence include the genes in operons encoding iglABCD and pdpABCD proteins present on the Francisella pathogenicity island (FPI), as well as genes involved in oxidative stress or protein turnover, capsule or lipopolysaccharide (LPS) biosynthesis, type IV pilin assembly, iron uptake, outer membrane channels, purine biosynthesis, and regulation through mglAB or pmrA (44, 46, 50, 51, 53, 56, 65, 66) . Although information on the Francisella life cycle, Francisella intracellular growth, and several target virulence factors has been obtained, little is known about the mechanisms involved in pathogenesis in different subspecies and environmental niches. Genomic annotations for Francisella indicate that up to 30% of the open reading frames encode hypothetical proteins (23, 35, 54) which have the potential to function as novel virulence factors. In this paper, we report the results of Himar1-based transposon (HimarFT) mutagenesis of F. tularensis LVS obtained utilizing a screen for isolates defective for cytopathogenicity in cultured J774A.1 macrophages. Genes with predicted functions that include a variety of transport processes, metabolic functions, capsule and LPS biosynthesis, posttranslational modification, and protein turnover, as well as hypothetical genes with unknown functions, were identified. Insertions in seven hypothetical genes resulted in strains that were attenuated for growth to various extents in macrophages and within mice in vivo. None of these mutants were defective for macrophage entry. One open reading frame for a predicted hypothetical membrane protein was identified as a gene involved in LPS biosynthesis in F. tularensis LVS and Schu S4.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains and plasmids used in this study are listed in Table 1 . Studies involving type A F. tularensis strain Schu S4 were carried out under biosafety level 3 conditions according to federal and institutional select agent regulations. F. tularensis subspecies were routinely grown at 37°C in 2.1% Mueller-Hinton (MH) medium supplemented with glucose, iron, and IsoVitaleX as described previously (41) . MH broth contained 1.24 mM CaCl 2 and 1.03 mM MgCl 2 , and MH agar contained 0.5% NaCl, 1.6% agar, 1% tryptone (MHT) or protease peptone (MHP), and 2.5% calf or fetal bovine serum (Invitrogen, Carlsbad, CA). For in vivo infections, inocula were prepared in MHP broth. In some experiments, Chamberlain's chemically defined medium (CDM) was used (10) . When required, medium was supplemented with kanamycin (10 g ml Ϫ1 ) or nourseothricin (5 g ml Ϫ1 ). Selection for nourseothricin resistance was performed at 30°C. Escherichia coli was grown aerobically at 37°C in Luria-Bertani medium supplemented with kanamycin (50 g ml Ϫ1 ) or nourseothricin (50 g ml Ϫ1 ) when required.
Kanamycin was purchased from United States Biochemical Corporation (Cleveland, OH), and nourseothricin was purchased from WERNER BioAgents (Jena, Germany). DNA manipulation and transformation. Purification and manipulation of plasmid or genomic DNA, electroporation of F. tularensis, and chemical transformation of E. coli were performed as described previously (41) . Custom oligonucleotide primers (Table 1) were synthesized by Operon (Huntsville, AL). DNA maps were constructed using MacPlasmap Pro 3.01 (CGC Scientific, Inc., Ballwin, MO). To determine insertion locations in F. tularensis LVS, genomic DNA from each strain was digested with SpeI and treated with T4 DNA ligase. HimarFT-containing fragments were recovered as plasmid DNA in E. coli DH5␣pir and subsequently used as a template for sequencing (9) . Insertion locations for F. tularensis Schu S4 single-and double-crossover strains with mutations in FTT1238c were determined by sequencing directly from genomic DNA. Sequencing reactions and analysis were performed as described previously (41) . Southern blotting of SpeI-digested genomic DNA was performed as described previously using either the Random Prime DNA labeling system (Invitrogen) and [␣- 32 P]dCTP or a digoxigenin High Prime DNA labeling and detection starter kit (Roche Diagnostics Corporation, Indianapolis, IN). Probes constructed for identification of the aminoglycoside 3Ј-phosphotransferase (aphA-2) (64), the transposase (tnp), or the N terminus of FTL_0706 are described in Table 1 .
Genome and bioinformatic analyses. The HimarFT insertion site sequences were compared with the F. tularensis LVS genome (accession no. NC_007880) at http://bbrp.llnl.gov/bbrp/bin/f.tularensis_blast and the F. tularensis Schu S4 genome (NC_006570) available at http://www.ncbi.nlm.nih.gov/entrez/query .fcgi?dbϭgenome&cmdϭRetrieve&doptϭOverview&list_uidsϭ563. Additional F. tularensis subsp. genomic comparisons were performed using www.francisella .org.
Further analysis and annotation of candidate proteins were performed using the high-resolution tools PhyloBlocks (http://compbio.mcs.anl.gov/ulrich/phyloblock/) and Dragonfly (http://compbio.mcs.anl.gov/dragonfly/) available via the PUMA2 system (43) . Candidate sequences were analyzed using BLAST, InterPro, SignalP, and TMHMM to identify global sequence alignments, local conserved domains, potential signal sequences, and potential transmembrane domains, respectively (1, 5, 47, 48) . The results of these analyses were used to assign potential functions to the genes. Further identification of the conserved regions specific for predicted functions was done using PhyloBlocks. In brief, a set of orthologous sequences identified by BLAST were aligned using ClustalW and analyzed by Block Maker for prediction of the conserved motifs (31) . Consensus sequences and HMM profiles were also generated for these sets of orthologs to be used for future analysis and classification. Western blot analysis. Whole-cell lysates (1ϫ 10 9 cells in 100 l) were boiled for 5 min in loading buffer, and 5 l of each sample was loaded and separated on 10% polyacrylamide-sodium dodecyl sulfate gels. Western transfer, blocking, and antibody incubation were performed as described previously (41) . Treatment with the mouse monoclonal anti-F. tularensis LPS primary antibody (1:8,000 dilution; Advanced ImmunoChemical Inc.) was followed by treatment with a horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G secondary antibody (1:10,000 dilution; Roche).
F. tularensis LVS HimarFT library construction. The pHimar H3 construct is a modified HimarFT suicide delivery vehicle constructed from temperaturesensitive pFNLTP16 H3 (42) . Transposition using pHimar H3 was performed by electroporation of 100 ng of DNA into electrocompetent F. tularensis LVS. After outgrowth at 37°C on a shaker for 4 h, dilutions were plated onto MHT agar containing kanamycin and incubated at 37°C to select for HimarFT. In addition, dilutions were plated onto MHT agar without kanamycin to determine the total number of potential recipients. Colonies grown for 3 or 4 days at 37°C were picked, struck onto MHT agar containing kanamycin, and grown at 37°C to recover individual clones containing HimarFT insertions in the genome. For HimarFT library construction and storage, Km r colonies were placed into 0.5 ml MH broth containing kanamycin in tissue culture plates with 96 deep wells. The last row in each plate was not inoculated as a control. Sterile lids and Parafilm were used to cover the plates for incubation and freezer storage. After 2 days of growth at 37°C and 200 rpm, 0.5 ml sterile 30% glycerol was added and mixed into each well to obtain a final glycerol concentration of 15%, and the plates were stored at Ϫ80°C. Recovery of the library was performed by using a 96-pin replicator and square agar plates (Nalge Nunc International Corp., Rochester, NY) containing MHT agar with kanamycin.
HimarFT library screen utilizing a macrophage infection model. Stage 1 screening with J774A.1 macrophages (ATCC TIB-67) was performed using a 96-well format with a multiplicity of infection (MOI) of ϳ50 to 200. Macrophages were seeded at a concentration of 6 ϫ 10 4 cells per well and incubated overnight at 37°C in 5% CO 2 before infection. Strains containing transposon insertions were grown on MHT agar with kanamycin for 3 days at 37°C and for 0 to 2 days at room temperature and transferred into a 96-well plate containing 100 l of Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum and 4 mM L-glutamate (Invitrogen). The DMEM was aspirated from the macrophages, and 50-l portions of test bacterial suspensions were placed onto macrophages. These steps were performed one row at a time to minimize drying of the monolayers. A 2-h incubation at 37°C in the presence of 5% CO 2 was performed to allow bacterial attachment and entry. Each row of eight wells was then aspirated to remove the extracellular organisms, washed with 200 l of Hanks' balanced salt solution, and aspirated again, and the contents were replaced with 200 l of DMEM containing 5 g ml Ϫ1 of gentamicin (Invitrogen) to kill extracellular bacteria. The plates were then incubated at 37°C in the presence of 5% CO 2 for 2 days. Candidates, which retained the macrophage monolayer similar to uninoculated controls (groups A and B), were subjected to a second-stage 24-well analysis with 3.7 ϫ 10 5 macrophages per well and defined inocula normalized using optical density to obtain an MOI of 100.
Crystal violet staining of J774A.1 macrophages. The integrity of the macrophage monolayer was assessed by crystal violet staining. DMEM was aspirated from the macrophages, and the monolayers were washed with phosphate-buffered saline and then incubated with a 1% crystal violet solution for 5 min at room temperature. The crystal violet was removed, and the macrophage monolayers were washed with distilled water and allowed to dry before visual assessment of the stain intensity. Crystal violet was purchased from Hardy Diagnostics (Santa Maria, CA).
Quantitation of Francisella cytotoxicity with J774A.1 macrophages by LDH release. The release of cytosolic lactate dehydrogenase (LDH) into the supernatant of infected cells was used as an indicator for lysis (CytoTox96; Promega Corporation, Madison, WI). Bacterial cell suspensions were prepared and normalized to an MOI of 100 based on the optical density at 550 nm (OD 550 ) and subsequent plating to determine the actual number of CFU ml Ϫ1 . The conditions used for J774A.1 macrophage infection were the same as those used for the 24-well stage 2 cytopathic screening. At 48 h postinfection, supernatants were harvested and the maximum lysis was determined (by addition of 100 l of lysis buffer to an uninfected monolayer with 900 l DMEM and incubation at 37°C for 45 min). Uninfected medium was used as a background control, and suitable dilutions of the other samples were included. The release of LDH was determined by measuring the OD 490 using a plate reader and softmax pro software (Molecular Devices Corporation, Sunnyvale, CA). Growth analysis of F. tularensis LVS mutants in bacteriological medium. Growth in MH or CDM broth was assessed using a 96-well format with a plate reader and softmax pro software. One test colony was emulsified in 100 l of CDM broth, 10 l was placed into 190 l of MH or CDM broth, and the microtiter plate was incubated at 37°C with shaking at 100 to 200 rpm. Turbidity changes in the cultures were monitored at OD 550 for 24 h (data not shown). Some strains were grown on MH or CDM agar to confirm the observed phenotypes in broth.
In vivo analysis of HimarFT insertion mutants. Six-to 8-week-old female BALB/c mice (Harlan Sprague Dawley, Inc., Indianapolis, IN) were infected by intraperitoneal (i.p.) injection of 0.1 ml (final volume) of phosphate-buffered saline containing the F. tularensis LVS wild type or mutant derivatives. The inocula were prepared from MHP broth cultures in the exponential phase of growth, and the concentrations were adjusted so that they represented approximately 1,000 50% lethal doses (21, 29) . The actual number of bacteria delivered was determined by performing plate counts of the inoculum on MHP agar. Infected animals were closely monitored for 21 days, and the number of moribund animals during this time was determined. Animal infection experiments were approved by the Institutional Animal Care and Use Committee and the Institutional Biosafety Committee of the Medical College of Wisconsin.
Complementation of selected HimarFT mutant strains using pFTNAT. The complementation plasmid pFTNAT was constructed by inverse PCR using primers IP1 and IP2 (Table 1 ) and pFNLTP7 as the template DNA (41) . Both the kanamycin and ampicillin resistance genes were removed, and the nourseothricin resistance marker was inserted at a NotI site (26) . The pFTNAT plasmid retains the ability to replicate in both E. coli and F. tularensis. The complementation plasmids pFTNAT-FTL_0706, pFTNAT-wbtA LVS , and pFTNAT-wbtM LVS were constructed by PCR amplification of genomic DNA with primer pairs H3/H4, WA1/WA2, and WM1/WM2 (Table 1) , respectively, resulting in gene fragments with 175-, 472-, and 481-bp upstream sequences (putative promoter regions). All fragments were ligated into pCR-Blunt II-TOPO and subsequently subcloned into pFTNAT using EcoRI, XhoI, and XhoI, respectively.
RNA isolation and RT-PCR analysis of F. tularensis HimarFT strains with insertions in wbtA. RNA was isolated using an RNeasy Protect mini kit (QIAGEN). Isolated RNA was treated with DNase I (Fermentas Inc., Hanover, MD) to remove contaminating genomic DNA for 1 h at 37°C and subsequently purified with the RNeasy Protect mini kit. RNA quality was verified by agarose gel analysis. Reverse transcription (RT)-PCR was performed using the SuperScript III One-Step RT-PCR system with Platinum Taq DNA polymerase (Invitrogen). Control PCRs were performed with Platinum Taq High Fidelity DNA polymerase (Invitrogen). Primers C1, C2, D1, and D2 were used for mRNA detection of either a 366-bp fragment of wbtC or a 410-bp fragment of wbtD downstream of wbtA (Table 1 ). All reaction mixtures included 50 ng of template DNA or RNA and were incubated at 50°C for 30 min for RT, followed by PCR for 25 cycles.
Statistical analysis. Statistical significance was determined using single-factor analysis of variance.
RESULTS

Transposon mutagenesis of F. tularensis LVS using HimarFT.
In previous studies, a temperature-sensitive plasmid and a modified Himar1 transposon (HimarFT) were developed to perform random mutagenesis in F. tularensis (41, 42) . While this system resulted in random, single, stable insertions without orientation bias, a drawback was observed when large-scale experiments were performed to saturate the genome. We noted that plasmid sequences were retained at a variable frequency. The failure to lose plasmid sequences may have been due to the length of time required for the plates to achieve the restrictive temperature, the number of generations required to dilute nonreplicating DNA, or the reversion of the point mutation in the replication initiation protein encoded by repA.
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Sequencing of repA from five isolates retaining the plasmid sequence confirmed the maintenance of the temperature-sensitive mutation. Plasmid rearrangements were not observed (data not shown). We noted that plasmid sequences were lost if strains were passaged at the restrictive temperature two additional times (49) .
To avoid the labor-intensive steps of passaging individual isolates, the delivery vehicle was modified by removing the NotI fragment encoding pFNLTP16 to construct pHimar H3 (Fig. 1A) . Deletion of the replicon for Francisella converted pFNLTP16 H3 to a suicide delivery system for HimarFT. The efficiency of transposition with pHimar H3 was similar to that obtained for pFNLTP16 H3, with ϳ2 ϫ 10 Ϫ5 insertion per cell. The stable retention of HimarFT and the loss of plasmid sequences were confirmed by examining 100 mutagenized strains by colony blot analysis with 32 P-labeled probes hybridizing to the aminoglycoside 3Ј-phosphotransferase (aphA-2) responsible for kanamycin resistance and the transposase (tnp), respectively. Southern blot analysis with genomic DNA isolated from 10 mutants after transposition demonstrated that there were random, single insertions and loss of the plasmid vehicle ( Fig.  1B and data not shown). For construction of the insertion library, F. tularensis LVS was mutagenized with pHimar H3 and approximately 7,000 kanamycin-resistant colonies were arrayed into microtiter plates with 96 deep wells and preserved at Ϫ80°C.
Isolation of mutants with insertions in Francisella genes required for virulence in J774.A1 macrophages. Francisella enters, replicates, and causes apoptosis-induced cytopathogenicity within macrophages (44, 51, 65) . To screen for genes required for F. tularensis LVS virulence in J774.A1 macrophages, the integrity of macrophage monolayers infected with individual Km r clones was assessed by staining with crystal violet. Preliminary experiments indicated that crystal violet staining at 2 days after infection at an MOI of 100 was optimal for the detection of cytopathogenicity ( Fig. 2A) . The initial screening (stage 1) was performed with an estimated MOI of 50 to 200 using a 96-well format. The retention of the monolayer and dark staining suggested that the clones were unable to enter, replicate, or cause apoptosis during the 2-day incubation. Noncytopathic candidates were retested in duplicate (stage 2) in 24-well plates at an MOI of 100 (Fig. 2B ). Mutants were categorized into four groups based on staining intensity: no loss of the monolayer, as in the uninfected control well (group A), a small but detectable loss of monolayer (group B), detectable loss of cells (group C), and severe monolayer destruction, similar to that obtained with the parental strain, F. tularensis LVS (group D). To cull putative auxotrophs or other mutants defective in general metabolism, 140 candidates appearing to possess the most attenuated phenotypes (groups A and B) in macrophages were characterized for growth in complex and minimal bacteriological media (stage 3 screening) (data not shown). Duplicate cultures for each strain were arrayed in 96-well plates in MH or CDM broth, and growth was monitored over time by assessing the increase in optical density. Colony morphology was assessed using cultures transferred from microtiter broth cultures to MHT or CDM agar plates. Twenty-four strains failed to grow in or on CDM and are likely auxotrophic strains. Slower growth or inconsistent growth patterns were observed for another 24 candidates. In (69) . Recovered plasmids were used as templates for nucleic acid sequencing reactions with primers specific for HimarFT sequences corresponding to aphA-2 and the R6K origin (Table 1 and Fig. 1A) . From this analysis, 26 unique genes were identified. Known or predicted functions for these genes included transport processes, metabolism of nucleotides, carbohydrates, amino acids, and coenzymes, capsule and LPS biosynthesis, and posttranslational modification/protein turnover ( Table 2 ). The recovery of several HimarFT insertions in genes previously found to have a role in macrophage growth, including the caseinolytic protease gene clpB, the disulfide bond-related gene dsbB, the aspartate aminotransferase gene aspC2, and the putative capsular genes capBC and wbtA involved in O-antigen biosynthesis, validated the screening process used (28, 55, 58, 63, 67, 69, 70, 76) . Several hypothetical proteins were also identified. Insertions appeared to be spread evenly throughout the genome (Fig. 3) .
In vivo analysis of mutants containing transposon insertions in genes encoding hypothetical proteins.
To focus on new gene discovery, strains with insertions in hypothetical genes were selected to test for attenuation in vivo. Groups of five BALB/c mice were given an intraperitoneal (i.p.) injection of mutant derivatives at doses ranging from 1,000 to 5,000 CFU or 3 logs above the reported 50% lethal dose (21, 29) . Previous work indicated that BALB/c mice are moribund by day 4 to 8 when they are infected i.p. with 50 CFU or less (39, 53) . Mice infected with strains bearing insertions in the hypothetical genes tested survived throughout the 21 days of monitoring (Table 3) . We also challenged mice with F. tularensis FTL_0741::HimarFT, with a transposon insertion in a hypothetical locus that exhibited a parental phenotype in vitro. In vivo, LVS FTL_0741::HimarFT exhibited a parental phenotype, while LVS ⌬purMCD failed to induce active infection (53) . These results suggest that a HimarFT insertion generates a specific phenotype related to its location in the chromosome.
Characterization of transposon mutants for entry, initial replication, and cytotoxicity. Attenuation in vivo for all mutants tested suggested that the in vitro cellular assay results correlated with pathogenicity. To determine if quantitative defects were associated with different stages of infection, mutants with insertions in hypothetical genes were tested with J774A.1 macrophages to determine their capacities to enter, replicate, and cause the release of LDH, an indicator of cell death (Fig.  4 ). An intracellular replication-deficient mutant used as a control, F. tularensis LVS ⌬purMCD, exhibited reduced replication and cytotoxicity, consistent with its attenuation in mice (53) . Similarly, inactivation of FTL_0741 resulted in no change in replication and cytotoxicity, consistent with the wild-type phenotype in mice. There was no significant difference between LVS and the strains bearing HimarFT insertions in terms of the ability to enter J774A.1 macrophages (Fig. 4A) . Statistically significant differences (P Ͻ 0.05) from the parental strain were observed when replication at 24 h and cytotoxicity at 48 h for mutants with insertions in FTL_0886, FTL_1414, FTL_0439, FTL_0706, and FTL_0050 were examined ( Fig. 4B and C) , consistent with the attenuation of these mutants in mice. Thus, defects in macrophage replication generally correlate with the inability to induce cytotoxicity. Interestingly, LVS FTL_0544:: HimarFT displayed no significant changes in either cytotoxicity or replication, despite being attenuated in mice, compared to the wild type ( Fig. 4B and C) .
LPS phenotype of selected HimarFT mutant strains. LPS biosynthesis has been previously shown to be important for intracellular replication (13, 58, 63, 70) . Loss of a functional copy of wbtA results in loss of the O-antigen ladder (58, 63) . Five F. tularensis LVS wbtA::HimarFT mutants from this study exhibited loss of O antigen, as predicted (Fig. 5A) . Two additional mutations in the wbt locus, with HimarFT insertion in either wbtM or wbtC, resulted in complete O-antigen loss and loss of low-molecular-weight O antigen, respectively (Fig. 5A) . These phenotypes have not been previously reported and likely correlate to the location in the pathway of LPS biosynthesis. Other mutations in the wbt locus, such as wbtDEF mutations, also result in a lack of O antigen (70) . Strains with insertions in predicted capsule-related genes retained the O-antigen ladder, suggesting that mutation of these genes does not affect LPS (Fig. 5B) . HimarFT mutations within hypothetical genes were analyzed by Western blotting to assess whether any of these   FIG. 3 . F. tularensis LVS genomic map of HimarFT insertion mutants recovered after stage 2 and 3 screening (designations above the F. tularensis LVS genome). Hypothetical HimarFT mutants are underlined. Several genes previously reported to be involved in growth inside macrophages were recovered, including clpB, FTL_0439, wbtA, capBC, aspC2, and dsbB (designated by asterisks; above the F. tularensis LVS genome). Regions and genes previously shown to be involved in macrophage growth but not recovered as strongly attenuated after the screening of our HimarFT library are indicated by the gray boxes corresponding to the Francisella pathogenicity islands (FPI#1 and FPI #2) and below the F. tularensis LVS genome, respectively. genes represent unrecognized LPS biosynthetic genes. All of the insertions in hypothetical genes resulted in a parental pattern for the O-antigen side chain except for LVS FTL_0706:: HimarFT (Fig. 5C ). We concluded that the hypothetical protein encoded by FTL_0706 likely functions in the LPS biosynthetic pathway.
Complementation and HimarFT polarity. HimarFT was engineered to contain a strong constitutive groEL promoter to transcribe the aphA-2 kanamycin resistance marker. Transcriptional stop sequences were not added, raising the possibility that the orientation of insertion may affect the transcription of adjacent genes. HimarFT mutants with insertions mapped to the beginning (wbtA) and the end (wbtM) of the wbt region were used to determine if the orientation of HimarFT influenced either the complementation pattern or transcription of downstream genes (Fig. 6A) . Gene expression analyses were performed with F. tularensis LVS wbtA1::HimarFT and wbtA2:: HimarFT, in which HimarFT had been mapped in the two orientations (Fig. 6A) . To detect the presence of mRNA downstream of wbtA, RT-PCR was performed with primers designed to detect message containing wbtC or wbtD (Fig. 6A) . Fragments that were the correct size were obtained in PCR and RT-PCR controls with F. tularensis LVS genomic DNA, verifying that there was primer-mediated amplification of the correct region (Fig. 6B ). Products were not detectable when template DNA was not included or in PCRs utilizing DNasetreated RNA isolated from wild-type or mutant strains, indicating that the preparations of RNA were not contaminated with genomic DNA (Fig. 6B) . RT-PCRs with RNA isolated from LVS, LVS wbtA1::HimarFT, and wbtA2::HimarFT each demonstrated that there was a message containing wbtD on a fragment whose size was similar to that of the genomic DNA control (Fig. 6B) . Similarly, a product was detected for all three strains when wbtC was the target sequence (data not shown). The amounts of wbtC and wbtD cDNAs appeared to be reduced in strains containing an upstream HimarFT insertion. These data suggest that HimarFT insertion is partially polar.
To complement HimarFT mutants, we constructed a new shuttle vector containing a nourseothricin resistance marker, pFTNAT (Fig. 6C) . Nourseothricin is an antibiotic that inhibits a broad spectrum of organisms and is postulated to inhibit protein synthesis by induction of miscoding events (26) . It is an attractive marker for Francisella research as it is not used in human or veterinary medicine and has not been shown to display cross-resistance (42) . Genomic fragments containing the genes and their predicted promoter regions for complementation were cloned into pFTNAT and transformed into the appropriate HimarFT mutant strains.
Complementation of mutants with insertions in either the wbt region or FTL_0706 was assessed both for O-antigen content and for cytopathogenicity in macrophages. O-antigen expression and cytopathogenicity were restored to F. tularensis LVS wbtM::HimarFT with pFTNAT-wbtM LVS in trans (Fig. 6D  and data not shown) . However, complementation of LVS wbtA1::HimarFT was not detected using a similar cloning strategy (pFTNAT-wbtA LVS ) (Fig. 6D) . Partial restoration of Oantigen expression occurred when LVS wbtA2::HimarFT was transformed with pFTNAT-wbtA LVS (Fig. 6D ), but this strain still displayed reduced cytopathogenicity compared to LVS (data not shown). The presence of plasmid pFTNAT did not alter the strain phenotypes. The lack of complementation or partial complementation is consistent with results from RT-PCR analyses and suggests that the orientation of HimarFT influences the expression of adjacent genes. These data also support an operon organization for the wbt region.
F. tularensis LVS FTL_0706-1::HimarFT and FTL_0706-2:: HimarFT mutants were complemented in trans using pFTNAT-FTL_0706 (Fig. 7A) . FTL_0706 does not appear to be part of an operon based on the current annotation of the LVS genome. FTL_0706 provided in trans restored the O-antigen ladder in both FTL_0706::HimarFT mutant strains (Fig. 7B) . Cytopathogenicity was restored in LVS FTL_0706-1::HimarFT and FTL_0706-2::HimarFT with pFTNAT-FTL_0706, resulting in loss of the macrophage monolayer, similar to the parental phenotype (Fig. 7C) .
Mutagenesis of F. tularensis Schu S4. FTL_0706 and FTT1238c are highly conserved hypothetical genes having variation in only two nucleotides in F. tularensis LVS and Schu S4, respectively (Fig. 8A) . Therefore, we reasoned that introduction of the rescued plasmid carrying FTL_0706::HimarFT could be used to disrupt FTT1238c in Schu S4 (2, 3, 27, 36, 45) . Electroporation of the nonreplicative plasmid into Schu S4 resulted in recovery of several Km r clones, one of which was defective for the synthesis of O antigen like LVS FTL_0706-1:: HimarFT. Other clones exhibited a parental O-antigen phenotype and were confirmed to be merodiploids by Southern blotting ( Fig. 8B and C) . Moreover, nucleotide sequence analysis of the Schu S4 mutants demonstrated that the first of two variable nucleotide differences in the locus was characteristic of LVS.
DISCUSSION
To gain a more comprehensive understanding of the gene products required for F. tularensis intracellular replication, a transposon-based mutagenesis strategy coupled with a simple high-throughput screen with macrophages was utilized. Several HimarFT mutants recovered after our screens contained insertions in previously identified genes important for macrophage growth, including clpB, dsbB, capBC, aspC2, and wbtA (28, 55, 58, 67, 69, 70, 76) . However, some genes whose products are associated with virulence, including those located in the FPI, were not identified in our screen as strongly attenuated (2, 28, 44, 53, 55, 56, 69) . The absence of some previously identified virulence factors in our pool could have been due to the growth and replication conditions used, the stringency of the screen, or the inability to rescue all of the clones with the highest potential of encoding critical functions for macrophage growth. Lastly, the results indicate that our library may not saturate the genome, although isolation of multiple HimarFT strains with mutations in the same genes suggests that good coverage was obtained. The FPI has potential roles in secretion, phagosome biogenesis, and subsequent escape into the cytosol or as an effector or cofactor element involved in promoting an optimal intracellular niche (14, 35, 50, 61, 62) . It is duplicated in F. tularensis LVS, making it unlikely that isolates with mutations within this locus would have a strongly attenuated phenotype. HimarFT mutants in group C, demonstrating light retention of the crystal violet stain after stage 2 screening, were also subjected to nucleotide sequence analysis (data not shown). This analysis yielded insertions in the FPI iglB, iglC, and iglD loci, suggesting that deletion of one copy of these genes may result in a partial loss of function in F. tularensis LVS. This is consistent with a slight reduction in the BALB/c mouse lung survival of an EZ:: TN-derived iglC LVS mutant (67) . Interestingly, allelic replacement of both iglC loci in LVS was required to inhibit growth in J774A.1 and mouse peritoneal macrophages (27) . These data indicate that the copy number of the FPI members is important for virulence.
As expected, HimarFT mutagenesis in F. tularensis LVS yielded a variety of genes encoding functions predicted to be important for intracellular survival and replication, as well as a number of hypothetical open reading frames. The identification of virulence determinants can be influenced by growth conditions, the properties of the transposon element, the F. tularensis subspecies used, or the choice of screening criteria. Despite these differences, similar functional groups of genes have been identified utilizing a variety of strategies in Francisella (28, 55, 67, 69, 76) . Replication, translation, and protein modification and/or turnover genes were represented, including genes encoding proteins with predicted functions in disulfide bond formation, glutathione metabolism, or proteolytic degradation. Genes involved in metabolism and transport were prevalent, consistent with intracellular persistence requiring a variety of substrates, including amino acids, iron, and extracellular proteins (4, 16, 30, 37, 53, 56, 68) . We speculate that the differences in stresses induced during growth in broth or on plates compared with intracellular growth may account for the identification of this class of genes. One candidate with a potential role in protein folding/stability or transport (FTL_1096) is located downstream of a predicted macrophage infectivity potentiator. Protein processing, metabolic, and transport-deficient mutants have the potential to be the basis for a new vaccine since they can infect and transmit their surface antigens but are likely limited in promoting overt disease. Surprisingly, although purines are clearly essential for intracellular growth of Francisella (28, 53, 55, 56, 67, 69, 76) , mutants with insertions in this pathway were not recovered from our library. This was likely due to culture conditions in which medium lacking protease peptone was used in the selection step for transposon insertions (53) . A variety of surface structures, including LPS (13, 58, 63, 70) , capsule (60, 67) , type IV pilin (20, 24, 30) , and outer membrane channels or proteins (32, 52) , are implicated in Francisella virulence through potential roles in adherence, uptake, or phagosomal escape. In this study, several insertions within genes encoding capsule, LPS, and transporters were identified. F. tularensis LPS displays low toxicity compared to other gram-negative bacteria, and the structures of the O antigen and its corresponding gene cluster (wbt locus) in F. tularensis LVS and Schu S4 are identical but distinctly different from that in F. tularensis subsp. novicida (44) . This is consistent with variation in detection with anti-LPS antibodies and induced immunity and/or cross-protection (22, 70, 75) . O-antigen expression is defective when HimarFT insertions map to wbtA, a result that is similar to results previously reported by other groups (13, 58, 63) . HimarFT mutants with mutations in wbtM and wbtC also displayed an O-antigen-defective phenotype not previously reported. Although wbtA and wbtM both encode a predicted dTDP-glucose 4,6-dehydratase, the gene sequences and the protein domains are quite different, suggesting that there are distinct roles for each protein. Interestingly, mutation of the wbtA and wbtDEF loci in several subspecies results in O-antigen loss but is accompanied by variable effects on intracellular survival (13, 58, 63, 70) . These differences were also observed in our study. LVS FTL_0706::HimarFT appears to be similar to mutant SC92 recovered for F. tularensis subsp. novicida (13) , but the O-antigen and intracellular growth phenotypes were not congruent. The LVS FTL_0706:: HimarFT strain had a complete loss of O antigen and a 1,000-fold reduction in intracellular replication. In contrast, a partial loss of O antigen and a 10-fold decrease in replication occurred in SC92. The variation in O antigen is due to either distinct roles in biosynthesis in different subspecies or variable recognition by the antibodies used. FTL_0706 is located near another locus predicted to be involved in LPS biosynthesis but does not appear to be part of an operon.
HimarFT mutants with insertions in hypothetical genes displayed several distinct phenotypes related to intracellular replication and cytotoxicity. There was no significant difference between F. tularensis LVS and the strains bearing HimarFT insertions in terms of the ability to enter J774A.1 macrophages. Five of the seven HimarFT mutants exhibited significantly reduced replication and cytotoxicity, consistent with their attenuation in mice. In general, the intracellular growth of these strains was variably hampered, and the strains exhibited reduced levels of cytotoxicity, similar to the pattern exhibited by LVS ⌬purMCD. The yield of viable bacteria from macrophages at 24 h for mutants with insertions in FTL_0886, FTL_1414, and FTL_0439 was significantly reduced compared to that of the parental strain, but these cultures contained approximately 100-fold more bacteria than cultures of the avirulent LVS ⌬purMCD mutant with a similar level of cytotoxicity. This suggests that cytotoxicity may be induced by specific bacterial activities perhaps encoded by FTL_0886, FTL_1414, or FTL_0439. Despite displaying attenuation in the mouse model of infection, mutation of FTL_1096 resulted in no significant change in cytotoxicity, and insertion in FTL_0544 resulted in no significant changes in either cytotoxicity or replication compared to the wild type. This phenomenon has been observed in several EZ::TN-derived transposon mutants of F. tularensis subsp. novicida (76) . The use of several model systems and Francisella strains to dissect gene function should allow reconciliation between in vitro and in vivo phenotypes. For example, there were reported differences in attenuation among different isolates of LVS or Schu S4 (29, 74) , when different in vitro models (diverse macrophage or hepatic cell lines) were assessed (55, 69) , or when in vitro and in vivo results were compared (20, 25, 69) .
Recent studies indicate that inactivation of FTT0918 in F. tularensis Schu S4 results in subsequent loss of a 58-kDa protein and attenuation in vivo (72) . FTT0918/FTT0919 represents a new protein family with predicted signal peptides and/or coiled-coil domains commonly associated with membranes and/or secretion (32, 35, 72) . Interestingly, the N-terminal domain of FTT0918 and the C-terminal domain of FTT0919 form a single hybrid protein in F. tularensis type A strain FSC043 and type B strain LVS (FTL_0439). It has been suggested that part of the observed attenuation of LVS could be due to the deletion and fusion events that altered the FTT0918/FTT0919 locus (54, 59, 72) . In this study, inactivation of FTL_0439 in F. tularensis LVS resulted in attenuation in vitro and in vivo. Thus, despite the hybrid nature of FTL_0439, it appears to maintain an important role in the virulence of LVS and is not likely to be the cause of its attenuation.
Polarity is an important consideration in determining whether a specific transposon insertion results in the observed phenotype. To address whether HimarFT is polar, RT-PCR and complementation analyses were performed with strains containing insertions mapping to genes that are or are not postulated to be part of a larger operon structure. Semiquantitative RT-PCRs of the wbt operon demonstrated that when target regions downstream of HimarFT were assessed, there was a reduction in the amount of cDNA detected. The data indicate that HimarFT insertion affects distal gene expression. Previous complementation experiments have utilized a highly active promoter, such as groEL, to ensure gene expression in the absence of a native promoter. However, alteration in the level of expression of the gene in trans can be detrimental (14, 38, 61, 67) . Since the native promoter was used for complementation in our studies, the partial restoration of O antigen in F. tularensis LVS wbtA2::HimarFT pFTNAT-wbtA LVS was not due to overexpression of the gene in trans. In fact, a similar partial restoration of O antigen was observed in an LVS Himar1-based wbtA mutant when wbtA was driven by the groEL promoter in trans (63) . Based on our RT-PCR and complementation patterns, we concluded that the groEL promoter from HimarFT transcribes into flanking gene regions. In trans complementation analysis verified that the noncytopathic phenotypes of mutants with insertions in both wbtM and FTL_0706 were due to the HimarFT insertion. Neither of these genes appears to be part of an operon.
In summary, after a HimarFT insertion library was screened for candidates deficient in cytopathogenicity in J774A.1 macrophages, 26 genes were identified as virulence determinants in Francisella. Several candidates have been reported in previous genetic analyses, validating our screening process, while others were recognized for the first time as potential virulence factors. Along with genes involved in transport, metabolism, protein stability/turnover, and surface components, seven mutants with insertions in hypothetical genes were recovered. All of these mutants were attenuated in a BALB/c mouse model of infection, suggesting that there is a direct correlation between in vitro and in vivo replication. Complementation analysis of selected strains confirmed that the phenotype observed was due to the gene in which HimarFT inserted. It also provided evidence for potential polar effects that can affect the expression of genes adjacent to HimarFT insertions. Additional studies of our candidate genes and the design of alternative screens should further define components important for the intracellular lifestyle of Francisella, provide insight into the mechanisms involved in infection, and facilitate the development of therapeutics and/or a defined vaccine effective for the identification and control of this invasive pathogen.
